The toxicity of six metals (Cd, Cu, Hg, Ni, Pb and Zn) to the early life stages of the brown seaweed Undaria pinnatifida were tested using two endpoints: spore germination and germ tube elongation. The optimal test conditions determined for photon irradiance, pH, salinity and temperature were darkness, pH 8, 35‰ and 15°C, respectively. The EC 50 values could be determined only for Hg and Cu and were 27 μg · L , respectively, for germination and 16 μg · L -1 and 45 μg · L -1 , respectively, for germ tube elongation. The variability of our U. pinnatifida test in response to the metal toxicants, as estimated from the coefficient of variation of the mean EC 50 values, was less than 28%. When tested against two different wastewater samples (PCB manufacturer and TV & communication equipment manufacturer), U. pinnatifida exhibited an EC 50 of 66.09-80.73% for germination and 24.98-62.62% for germ tube elongation with the CV (Coefficient of variation) range for both germination and germ tube elongation between 1.24 and 13.18%. The novel aspect of the present method is that the testing procedure requires no lighting or photoperiodic control. Additionally, the response of Undaria to the toxicity of Hg and Cu is very similar to that reported for other very sensitive macroalgal species. Because of its ecological and economic importance, the evaluation of toxicity using early stages of U. pinnatifida will provide useful scientific information, and we propose that this represents a valid bioassay within the battery of aquatic bioassays for the assessment of anthropogenic impacts on coastal ecosystems and commercial cultivation areas in nearshore environments.
Introduction
With the expansion of social and industrial developments in coastal zones, globally, conflicts have arisen in the utilisation and preservation of the near-shore marine environment. Estuaries and coastal waters are subjected to multiple stresses, including chemical contaminants derived from the land via inputs from air and freshwater. To avoid degradation and maintain the integrity of these marine systems, environmental protection strategies, including effective monitoring and regulation, need to be established. In 2007, the Korea Ministry of Environment (MOE) announced the implementation of a new standard ecotoxicity test protocol and legislation to regulate wastewater effluents beginning in 2011 1 . Initially, Korean authorities will use international standard toxicity tests based on the im mobility and mortality of Daphnia magna, and there are future plans to extend the test battery to a number of trophic levels. In addition, there is a growing realisation by the environmental regulatory authorities of the Korea Ministry of Land, Transport and Maritime Affairs for the need to use bioassays as a complementary tool to regulate the discharge of waste into the marine envi-ronment, to maintain coastal water quality and to conserve marine ecosystems. At present, toxicity tests using the luminescent bacterium Vibrio fisheri (decomposer) and the amphipods Monocorophium acherusicum Bousfield or Mandibulophoxus mai Jo (consumer) are under consideration as standard test organisms in toxicity assessments of marine discharges. Organisms provide an integrated response to exposure to the environmental variables at the sites where they live, and this is a key driver for the introduction of bioassay methods as part of a comprehensive approach to enable the assessment of risks from pollution. However, if ecotoxicological tests are to be effectively used for predictive and regulatory purposes, these tests must exhibit ecological relevance. To make ecotoxicological tests more ecologically relevant, it is important that local species be used. In this respect, it is notable that alien species have been found to show different sensitivities to pollutants than Korean species.
Macroalgae form the basis of near-shore marine ecosystems and play pivotal roles as primary producers and providers of habitat and nursery grounds for fish and invertebrates. In Korea, it has long been recognised that seaweeds are valuable ecological and economic resources, but there has been little interest in investigating their potential as sentinel organisms for assessing the impacts of aquatic pollutants. To date, only one bioassay using a local marine algal species, the green macroalga Ulva pertusa Kjellman, has been successfully developed 2, 3 . This novel bioassay method, based on the inhibition of reproduction in U. perusa, is undergoing the process of standardisation by ISO (International Standardization Organization). Given the current situation, clearly more research is needed to develop other seaweed-based toxicity tests using a wider range of indigenous species.
Large brown seaweeds, including species of the Laminariales and Fucales, are common subjects for use in ecotoxicological assessments and monitoring of discharges into the marine environment in the US, EU and commonwealth of Australia 4 . Kelps are found to occur across broad geographic ranges, often occupy similar habitats and have similar life cycle patterns which offer substantial opportunities for making comparisons between locations 4, 5 . Most bioassays developed for kelp species are based on the ecotoxicological sensitivity of early stages of their life cycles, i.e., germination, germ tube elongation, gametophyte growth and early sporophyte production. Early developmental stages of kelps are regarded as excellent experimental systems because they are sensitive to various toxicants and require relatively simple technical procedures 4 . Moreover, because these early life stages represent a bottleneck for recruitment, they are ecologically important 6, 7 . In the Korean context, there are ample opportunities for the development of kelp ecotoxicological assays and for the use of such assays in monitoring the impacts of waste discharges. Hence, in the present study, early stages of the kelp Undaria pinnatifida Harvey Suringer were tested for their sensitivity to metals, as single toxic compounds, and to industrial wastewaters, as mixtures of contaminants.
U. pinnatifida is a temperate macroalga endemic to coastal regions of the northwest Pacific (Japan, Korea, southeast Russia and some parts of east China) [10] [11] [12] . This edible species has also become established as an exotic pest in a number of locations throughout the world, including the Mediterranean and Atlantic European coasts, Australasia, Argentina, Mexico and USA (e.g. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ). In light of its ecological and economic importance, the development and evaluation of toxicity test protocols using early life-stages of U. pinnatifida seems justified in order to inform Korean regulatory authorities on the sensitivity of test methods that could be incorporated into their battery of aquatic bioassays for the assessment of anthropogenic impacts on coastal ecosystems and commercial cultivation areas in nearshore environments.
Results and Discussion
The protocol for the bioassay methods used here based on spore germination and germ tube elongation of the brown macroalga U. pinnatifida is summarised in Table 1 . The control chart obtained by combining all of the controls together showed a mean of 87.40± 1.37% (95% confidence interval) for germination (Figure 1a) and 25.77±1.91 μm for germ tube elongation (Figure 1b) , with precisions (CV) of 4.02 and 18.92%, respectively. These mean values are comparable to those for Saccharina japonica (95.72±1.01% for germination and 20.62±0.70 μm for germ tube elongation 24 ) cultured in the same conditions as in this study. The determination of optimal test conditions is a prerequisite for the establishment of a standardised toxicity test method so that any inhibitive effects observed can be ascribed to the toxicants alone. It is well known that environmental factors, such as light, salinity and temperature, exert significant influences on the early stages of kelp species 25, 26 and that the variability of physico-chemical factors can modify the effects of chemicals on the algae, thus complicating the evaluation of the results 5 . The results for the germination and germ tube elongation of U. pinnatifida under different photon irradiances, pH levels, salinities and temperatures are shown in Figure 2 , 3, respectively. We found that the germination and germ tube elongation of U. pinnatifida in static cultures were not affected by different photon irradiances over the range of 10-120 μmol photons m -2 s -1 , or even by the presence and/or absence of light. In macroalgal species, spore germination and the subsequent elongation of germ tubes in the dark appear to be common phenomena 24, 27, 28 . This physiological trait may be related to the long-term (several months to years) survival of gametophytic stages in the dark 25 . In U. pinnatifida, germination did not depend on pH as long as the value was greater than 4. However, pH exerted a significant effect on germ tube elongation, allowing maximal elongation at pH values higher than 7. Gibbon and Kropff (1991) reported that a low pH inhibited rhizoid elongation in the brown alga Pelvetia fastigiata, and the pH-induced inhibition was assumed to occur as a result of trans-cellular pH gradients in the medium surrounding the developing Pelvetia zygotes and the alkalisation of the future rhizoid end of the cell 29 . In Macrocytis pyrifera, germ tube elongation is known to require the development of microfilaments and charge gradients, which are under the influence of pH gradients 30 . The germ tube elongation response to different pH levels in U. pinnatifida may be related to changes in the internal pH due to different pH treatments, which may have subsequent effects on cellular differentiation leading to germ tube formation in U. pinnatifida.
The germination percentage and germ tube length were significantly lower at salinities below 25‰ compared with their maxima at 35‰. The salinity range for maximal germination and germ tube elongation in U. pinnatifida was limited to between 35 and 55‰. Saito (1956) reported that germination of U. pinnatifi da occurred over a wide range of salinities between 7 and 21‰, with a pattern of increasing germination at higher salinities 31 . However, the maximum salinity employed in that study was 21‰, whereas the maximum salinity of 55‰ was examined in the present study. The optimal salinity ranges reported for subtidal seaweeds are from 16-50‰ 25 , and under hyposaline conditions, kelp species such as A. esculenta, S. latissima and L. solidungula have been found to exhibit a considerable loss of pigments (bleaching) and even high mortality, reflecting stenohaline characteristics 32 . It has often been observed that reduced salinity exerts damaging effects on germination and embryo growth in many brown macroalgal taxa by increasing osmotic pressure, which results in disturbances in membrane permeability 33 . In the field, Undaria occurs mainly at salinities higher than 27‰, although it can be found at salinities of 20‰ 20 . In a study investigating the effects of biocidal agents on U. pinnatifida, the salinity conditions for toxicity testing were set at 30±1‰ 34 . In response to different temperature treatments, the alga exhibited no statistical differences in germination. Germ tube elongation was minimal at 5°C, and there was a significant increase at higher temperatures. The optimal temperature ranges for germination and germ tube elongation in U. pinnatifida were 5-20°C and 10-20°C, respectively. U. pinnatifida has been reported to show a broad range of required temperatures, with germination occurring at between 13-24°C, growth of filamentous gametophytes at 10-24°C and sporophyte growth at 3-20°C 20, 31, 35, 36 . Burridge and Gorski (1998) set a temperature of 15°C for testing the toxicity of biocidal agents on U. pinnatifida based on germination and gametophyte survival 34 . Mercury is the most toxic metal of the non-essential group and is known to inhibit growth, cell division, ). The response of the early stages of U. pinnatifida to Hg indicates that this species may be the most sensitive macroalga investigated thus far with respect to this metal. The most sensitive endpoint to Hg toxicity reported to date in macroalgae was spore germination of Laminaria hyperborea, which exhibited inhibition at 10 μg·L -1 of Hg, but no EC 50 values were determined 38 . In addition, growth length of the brown macroalga Fucus (EC 50 = 47-95 μg·L -1 ) 39 and sporulation, visual colour and spore release of the green macroalga Ulva pertusa (EC 50 = 36-48 μg·L
3 are also very sensitive endpoints.
A trace amount of Cu is essential for metabolic processes of algae, being required for electron transport for photosynthesis and by various enzyme systems 40 . However, Cu is the most commonly tested metal in toxicity testing, and it is one of the most toxic metals, being regarded as less toxic than Hg, but more toxic than Cd, Pb and Zn 37 . In this study, the sensitivity shown by early stages of U. pinnatifida to Cu was found to correspond well with this general trend. The EC 50 range for the inhibition of germination (EC 50 = 186 μg·L -1 ) was similar to that found for the inhibition of germ tube growth in Ecklonia radiata (EC 50 = 180-210 μg·L -1 ). The germ tube elongation in U. pinnatifida exposed to Cu exhibited an EC 50 of 45 μg·L -1 , which is similar to that of various endpoints of other seaweed species, such as M. pyrifera (30-60 μg·L -1 for a 50% reduction in nuclear migration) 41 , S. japonica (120 μg·L -1 for germination and 81 μg·L -1 for germ tube elongation) 47 , S. latissima (50 μg·L -1 for significant delay in gametogenesis) 42 and U. pertusa (40 μg·L -1 for 50% reduction in spore release) 2 . It was interesting to note that Cu was more toxic to germ tube elongation than germination. A similar trend has been found in other studies with kelp species such as M. pyrifera, S. japonica and S. latissima (formerly, Laminaria saccharina), indicating that germ tube elongation was more sensitive to Cu and less variable than germination 24, 42, 43 . As germination proceeds, a germ tube forms, through which most of the cytoplasmic content of the spore migrates into the first gametophytic cell. What the inhibitive effects are of high concentrations of Cu on the mechanisms operating in the germination and germ tube elongation processes remains unknown at present. With respect to Cu toxicity in M. pyrifera germination, the inhibition of spore photosynthesis by Cu has been suggested as a primary mechanism 44 , but it is unlikely that this was the mechanism causing the effects seen in this study, as we observed that germination and germ tube elongation occurred even in the dark. Despite the greater sensitivity of germ tube elongation to toxicants, Anderson et al. (1990) indicated that germination, rather than germ tube growth, might be more appropriate as an endpoint in ecotoxicity testing due to its ecological relevance 43 . During the germination process in kelp species, the cell contents migrate into the terminal and swelling region of the germ tube, leaving a small cytoplasmic body in the proximal region. The apical cell divides and develops into a filamentous gametophyte, with the empty embryospore and a part of the germ tube forming an inactive appendix. It has been noted that hydrophobic interactions play an important role in the adherence of microorganisms to eukaryotic cells and to certain inert surfaces, and germ tube formation in yeast is known to be associated with a significant increase in cell surface hydrophobicity 45 . The ecological significance of germ tube elongation in kelp species may, therefore, be speculated on from this perspective, i.e., a longer germ tube in a healthy germinating spore may facilitate contact or adherence between the spore and the substratum. If this is experimentally confirmed to be true, germ tube elongation should be considerable as a suitable endpoint for toxicity assessment.
Undaria pinnatifida was found to be insensitive in response to other metals, such as Cd, Ni, Pb and Zn, exhibiting estimated EC 50 values for germination and germ tube elongation of greater than 20,000 μg L -1 . The variability of our U. pinnatifida test in response to the metal toxicants, as estimated from the coefficient of variation of mean EC 50 values, was less than 28% ( Table 2 ). Given that the recommended levels of precision are 20-40% for reference toxicity testing 46 , the results obtained using germination and germ tube elongation as test end-points in U. pinnatifida confirm the repeatability and high level of precision of the methodology.
Effluents are major sources of direct and continuous inputs of pollutants in aquatic ecosystems, and the effects of effluents on organisms have high ecological relevance 47 . For complex mixtures such as wastewaters, the mechanisms related to the expression of toxicity and the contribution of individual constituents to overall toxicity are unclear because the individual components are difficult to identify, and there is potential for synergistic, antagonistic and additive effects depending on the kinds of toxicants in such mixtures, the degree of treatment the wastewater receives and the target constituents removed through wastewater treatment 4, 44 . In the present study, the suitability of the Undaria assays for complex mixtures of toxicants was tested using wastewater samples from two different origins. The chemical constituents of the wastewater samples from the two sources are presented in Table 3 . Cu was the most prominent constituent and exhibited contrasting concentrations in the wastewater samples, such that the PCB manufacturer derived wastewater contained markedly higher Cu levels than did that from the TV & communication equipment manufacturer. The germination and germ tube elongation of U. pinnatifida in response to different wastewater samples are shown in Table 4 . The EC 50 values for PCB wastewater were 66.09% for germination and 24.98% for germ tube elongation, whereas those for the TV & communication equipment manufacturer wastewater sample were 80.73% for germination and 62.62% for germ tube elongation. As shown in Table 3 , the calculated Cu concentrations in the PCB wastewater at EC 50 levels were higher than those in the TV & communication equipment wastewater. In addition, the calculated Cu concentrations in both wastewaters were higher than the EC 50 values for standard Cu, indicating the germination and germ tube elongation being suitable indicators of the presence of high Cu levels in wastewaters. It was also notable that germ tube elongation was more sensitive to wastewaters than germination as seen in the response of the two endpoints towards standard Cu.
Both of the investigated endpoints appear to be effective in differentiating chemical mixtures of different origins. The Undaria assay employed here could, therefore, be used to provide estimates for the optimal mixing and dilution conditions for wastewater prior to open water disposal and for determining the size of the mixing zone. Furthermore, the precision of our bioassays was verified by the coefficients of variation (CVs) generated for the EC 50 values. For the germination and germ tube elongation bioassays with six reference metal toxicants and two wastewater samples, the CVs were found to be less than 27.65%. Given that the recommended levels of precision are 20-40% for reference toxicity testing 46 , the results obtained using the Undar ia germination and germ tube elongation bioassays confirm the repeatability and high precision of this methodology.
Conclusions
In developing innovative and standardised test procedures, several important criteria must be met; the test method should: 1) be sensitive to toxicants and simple to conduct, 2) suitable for general laboratories with limited space and equipment, 3) exhibit little variability in the test results, and 4) the biological samples should be available through the year.
The total working time required for preparing and conducting the test is 6-7 h for one person, and this test requires only 1-2 m 2 of working space. Most importantly, dark incubation was introduced for this testing instead of incubation in light, which removes the absolute requirement of using culture chambers with proper lighting systems. Thus, it would be sufficient to simply leave cell plates containing test sample sets in a closed space with no light or wrapped in foil, provided the temperature can be maintained at 15°C for 24-48 h prior 46 , and the level of variability associated with the Undaria germination and germ tube elongation toxicity test is, therefore, evidence of its utility as an acceptable toxicity testing method. The U. pinnatifida method seems to be a good addition to traditional Macrocystis pyrifera and Saccharina latissima methods considering its high sensitivity to common toxicants in the environment, such as phenol, Cu and Hg, although less appropriate for other common metals such as Cd and Zn.
Undaria represents an important component of marine ecosystems and is commercially cultivated in large areas of aquaculture beds in China, Japan and Korea, but is also an invasive seaweed in many coastal locations over a broad geographic range, assuring the availability of samples. However, one drawback of the proposed methodology is the limitation of possible spore procurement due to spore-bearing thalli being available for restricted periods of time. This factor must be overcome if these early developmental stages are to be used for routine toxicity testing. The application of cryopreservation technology to maintain spores in a frozen state and resuscitation when needed would certainly guarantee both the possibility of conducting yearround testing and a maintenance-free system. The use of free-living gametophytes as an alternative option is also under study.
There is a paucity of biological testing methods globally available and a clear need for the generation of bioassay methodologies and information based on marine macroalgae. The Undaria toxicity test appears to be an ecologically relevant, reliable and repeatable ecotoxicological protocol, with potential application for the determination of possible biological impacts of marine coastal effluent discharges and for routine monitoring of effluent toxicity.
Materials and Methods

Spore Preparation and Culture Conditions
Detailed experimental protocols have already been described elsewhere 24 . Fertile blades of U. pinnatifida were collected from cultivation beds in Deokjok-do (N 37°12ʹ32.5ʺ, E 126°07ʹ27.4ʺ) and transported on ice to the laboratory. The blades were then rinsed with fresh water, and sori were incised and stored overnight in paper towels in a culture chamber maintained at 10°C. The methods for the induction of spore release and the subsequent preparation of spore solutions were largely the same as previously described elsewhere 48 . Thalli were transferred to a glass beaker with newly prepared medium, which was stirred magnetically for 1-2 h to stimulate the release of spores. After spore release, the spore suspension was filtered through gauze, thereby allowing debris to be removed. An aliquot of 10 mL of spore solution together with the same volume of medium was gently poured into a Petri dish (50 mm in diameter, 20 mm high) containing coverslips (12 mm in diameter) on the bottom for the settlement of spores, and the cultures were then maintained in the dark at a temperature of 10°C before being subjected to experimental treatments. U. pinnatifida zoospores were found to adhere to the substrata within three hours of the initiation of culturing. Coverslips bearing attached spores were distributed to 24-well plates (2.5 mL volume per well; SPL, Korea) with fresh medium and cultured under different environmental conditions: photon irradiance (dark ~120 μmol photons m -2 s -1 ), pH (4-9), salinity (5-55‰) and temperature (5-20°C). After 24 h, the coverslips were harvested and fixed with glycerin for determination of germination and germ tube length. The germination percentage was estimated under a microscope by counting the number of spores (n = 250, duplicates) that had produced a germ tube. Randomly selected groups of spores on the coverslips (n = 5, in duplicate) were measured for germ tube length using an image analysis system (Ista-Video Test Ltd., Russia). For germ tube length, the measured values were expressed as a percentage of the control to eliminate variation in the control samples between the treatments. The mean and 95% confidence intervals of the controls are provided as a measure of the reliability of the testing procedures.
Toxicity Testing Procedure
The reference toxicants used are shown in Table 5 . The toxicity of metals was tested using stock solutions of Cd, Cu, Hg, Ni, Pb and Zn as concentrated standards in deionised water acidified with 0.1 N HNO 3 (Showha, Tokyo, Japan). For single factor testing, toxicants were added to the medium with other conditions kept constant. Coverslips containing settled spores were distributed into 24-well plates with different concentrations of toxicants, and bioassays were run under optimal environmental conditions for germination and 49 .
Data Analysis
A one-tailed test of the null hypothesis of linearity was performed by dividing deviations from linearity mean squares by within-group mean squares 50 . Results are reported as EC 10 and EC 50 (effective concentrations at which 10 and 50% inhibition occur, respectively) with 95% confidence intervals estimated by the linear interpolation method (ToxCalc 5.0, Tidepool Science, California, USA). The coefficient of variation (CV), which is the standard deviation expressed as a percentage of the mean, was calculated to estimate the precision of the tests.
